This study addressed the possible use of alloy/ceramic composite waste forms to immobilize metallic and oxide waste streams generated during the electrochemical reprocessing of spent reactor fuel using a single waste form. A representative composite material was made to evaluate the microstructure and corrosion behavior at alloy/ceramic interfaces by reacting 410 stainless steel with Zr, Mo, and a mixture of lanthanide oxides. Essentially all of the available Zr reacted with lanthanide oxides to generate lanthanide zirconates, which combined with the unreacted lanthanide oxides to form a porous ceramic network that filled with alloy to produce a composite puck. Alloy present in excess of the pore volume of the ceramic generated a metal bead on top of the puck. The alloys in the composite and forming the bead were both mixtures of martensite grains and ferrite grains bearing carbide precipitates; FeCrMo intermetallic phases also precipitated at ferrite grain boundaries within the composite puck. Micrometer-thick regions of ferrite surrounding the carbides were sensitized and corroded preferentially in electrochemical tests. The lanthanide oxides dissolved chemically, but the lanthanide zirconates did not dissolve and are suitable host phases. The presence of oxide phases did not affect corrosion of the neighboring alloy phases.
Introduction
High-level radioactive wastes generated during the electrometallurgical reprocessing of nuclear fuel to recycle U and transuranic elements will be immobilized in durable waste forms to facilitate handling, storage, transport, and final disposal in a geological repository [1, 2] . The two principal high-level radioactive waste streams are salt waste contaminated with oxidized fission products and metallic waste comprised of activated cladding hulls and metallic fission products not oxidized under the processing conditions [3] . As an example, metallic waste streams generated by the reprocessing of used U-10Zr metallic fuel [4] are composed of approximately 71 mass % contaminated cladding and 29 mass % fuel waste (23 mass % Zr and 6 mass % fission products) on a fuel assembly basis. The predominant long-lived dose contributor in the metallic fuel waste is 99 Tc, which will account for about 1 mass % of the overall metallic waste stream. Assembly hardware such as plenums, ducts, and end pieces removed during head-end processing operations prior to electrorefining will probably be compacted for separate disposal.
The salt wastes include chlorides of alkali metal and alkaline earth fission products (Cs, Rb, Ba, Sr), lanthanides (Nd, Ce, La, Pr, Sm, Y, Pm), and trace amounts of actinides (U, Np, Pu, Am, Cm) that are dissolved in the eutectic LiCl/KCl mixture used in the electrorefiner. Waste salt removed from the electrorefiner may be immobilized directly or treated to remove actinides, lanthanides, and/or active metal (Cs and Sr) fission products for separate disposition in order to recycle the decontaminated LiCl/KCl processing salt back to the electrorefiner [5] . Options for managing the wastes generated by optional treatment flowsheets are being evaluated based on the radionuclide contents, waste volumes, and processing limitations of the waste streams as well as equipment costs and footprints required in a processing facility. The benefits of partial and complete recycle for material recovery and waste minimization depend primarily on treatment and disposal costs. One means of lowering those waste management costs is decreasing the volumes and varieties of waste forms produced, including the ancillary costs of waste form qualification and regulatory acceptance for disposal.
Metallic waste forms are made by directly melting the cladding and metallic fuel wastes recovered from the electrorefiner with small amounts of trim metals to form a multi-phase alloy material in which radionuclides and other waste constituents are immobilized within a small number of chemically durable intermetallic and iron-based solid solution phases [6] [7] [8] [9] [10] . Trace amounts of oxide and nitride phases are commonly generated from impurities in the metals and melter atmosphere during the production of metallic waste forms and form a durable slag at the surface of the waste form. The present work addresses the deliberate generation of large amounts of durable ceramic phases to contain long-lived lanthanides (and actinides) in waste streams recovered from salt waste at the same time metallic fuel wastes are alloyed. In this way, both waste streams are immobilized within a single same composite waste form in one operation to decrease production, storage, and disposal costs.
Durable alloyed waste forms have been produced with Type 316L cladding hulls and new waste forms are being developed with HT9-like steel cladding that will be used in the advanced (closed) fuel cycles utilizing metallic fuels that are being designed in the US. Ferritic/martensitic stainless steels like HT9 are widely used as structural materials in fast reactors due to superior mechanical performance and radiation resistance [11] [12] [13] [14] . Those steels were developed to enhance the resistance to creep and irradiation swelling by adding Mo, V, W, etc. as trim metals to a base Fe-12Cr stainless steel (AISI 410). We are evaluating the benefits of these and other additives to enhance the corrosion resistance of waste forms made from HT9 and similar cladding materials. Specific issues being addressed are (1) the effects of the higher C and lower
Cr contents of HT9 relative to Type 316L stainless steel; (2) the beneficial effects provided by the passivating and noble metals present in the fuel wastes and trim metals added during waste form production; (3) the interactions occurring between the metallic and ceramic phases formed as the composite is generated; (4) whether preferential corrosion occurs at alloy/alloy, ceramic/alloy, or ceramic/ceramic phase boundaries; and (5) how to represent the contributions of phase boundaries to the overall corrosion of a composite waste form in a performance model.
We present in this paper the results of initial scoping work conducted using an alloy/oxide composite referred to as AOC410 that was made using 410 stainless steel and added 
Experimental Approach
The as-batched and elemental compositions of AOC410 are given in furnace was flushed with argon gas before and during heating to displace nitrogen from the vicinity of the crucible. The AOC410 mixture was heated for three hours at 1600 °C and then furnace-cooled to simulate the cooling of a full-size waste form.
[ Table 1 ]
The materials separated during production into a cylinder puck of alloy/oxide composite and a metal bead that formed on top of that puck. These are referred to as the composite puck and metal bead, respectively. The ingot was cross-sectioned by using a diamond wafering blade and low-speed saw and then polished to a 0.05-µm final surface finish by first using successively finer grit silicon carbide papers and then using colloidal silica for the final polish. Figure 1 shows a photograph of the cross-sectioned ingot. The microstructures and phase compositions of the metal bead and composite puck were characterized by using optical microscopy, scanning electron microscopy (SEM, Hitachi S-3000N) with energy dispersive X-ray emission spectroscopy (EDS, Thermo Scientific UltraDry), and powder X-ray diffraction (XRD, Siemens D5000). Kalling's No.2 etchant (20 mL HCl + 20 mL ethanol + 1 g CuCl 2 ) was used to prepare surfaces for metallography. Small pieces of the metal bead and composite puck parts of AOC410
were pulverized using an agate mortar and pestle to generate powder used for XRD analyses.
[ Figure 1 ]
Separate specimens about 1 x 1 x 10 mm 3 were cut from regions in the metal bead and composite puck parts of the ingot and from the region surrounding the interface between the two parts; these regions are indicated by the red squares drawn on Figure 1a . Each specimen was fashioned into an electrode by first embedding it in a thermoplastic acrylic (Buehler TransOptic), attaching a lead wire to the back end of the specimen with silver epoxy, and then encapsulating the specimen plus a few centimeters of the lead wire in epoxy to form the electrode body. Each electrode was about 6 cm long and 6 mm in diameter and sized to fit into both a Gamry glass microcell and the SEM sample holder. The ends of the electrodes were ground to expose ~1 mm were characterized by using SEM/EDS prior to and after the electrochemical tests to determine which phases and interfaces corroded during the test.
Results

AOC410 Microstructure
The backscattered electron (BSE) SEM images in Figures 1b and 1c show the metal bead and composite regions are both composed of several phases. The composite puck (the bottom half in Figure 1a ) consists of sintered oxide ceramics embedded in a metal matrix, whereas the metal bead part (upper half) is free of oxides. Detailed characterizations of the composite puck and metal bead parts of the ingot are discussed in Sections 3.1.1 and 3.1.2, but we consider first how the composite and metal bead parts of the ingot formed. Figure 1d shows a region of the composite puck after it was severely corroded in an electrochemical test and most of the alloy phases near the electrode surface had dissolved. The polished surfaces of the ceramic phases at the electrode surface are evident and the underlying network structure of ceramic phases that formed when the material was processed is revealed. The size and shape of the composite puck ( Figure 1a ) indicate the ceramic structure was initially constrained by the cylindrical crucible, but densified and shrunk away from the crucible during production while the alloy remained molten. Based on Figures 1a and 1d , it appears that liquid metal in excess of the pore volume of the ceramic structure was excluded from the composite as the ceramic structure formed and flowed out of the composite puck to generate the overlying metal bead. The geometry imposed by the crucible was maintained by the ceramic structure as it densified. A metal bead formed on top of the composite puck in this case, but metal beads have formed on the tops and sides of other composites that were made with more metal. Therefore, what appear to be "islands" of ceramic domains distributed in a "sea" of metal matrix in the image shown in Figure 1c are actually cross-sections of the ceramic lattice structure that reveal the metal filling its pore spaces.
The density of the ceramic structure and relative amounts of alloy in the composite and metal bead parts probably depend on the oxide content, processing time, and temperature. Figure 2 shows images of the metal bead that were obtained by using optical microscopy and SEM. The optical metallograph in Figure 2a shows the metal matrix to be composed of ferrite and martensite grains with carbonitride (C/N) precipitates present within the ferrite grains and at grain boundaries. The SEM image in Figure 2b shows an array of C/N precipitates within a ferritic grain along the grain boundary (G.B.) with the subtle contrast difference distinguishing the ferritic and martensitic regions. Representative compositions of the martensite and ferrite phases in the metal bead determined with EDS are provided in Table 2 (all EDS spectra were collected at an accelerating voltage of 20 kV). Values are given as mean and standard deviations for spot analyses at several locations in terms of wt % with values in atom % given in parentheses. The martensite grains have slightly higher Cr contents and lower Mo contents than the ferrite grains; no Zr was detected in either phase.
Characterization of the Metal Bead
[Figure 2]
[ Table 2 ]
Characterization of Composite Puck
A typical region within the composite puck is shown in Figure 3 . The martensite and ferrite grains with C/N precipitates formed in the composite have compositions, distributions, and structures similar to those formed in the metal bead. An FeMoCr intermetallic phase formed in the metal matrix of the composite puck that was not detected in the metal bead; these were observed to occur either near a ceramic phase or along a ferrite/martensite grain boundary. The phase compositions measured using SEM/EDS are given in Table 2 The irregular morphology evident in Figure 3 is common to the ceramic phases that were observed throughout the composite. Domains of lanthanide oxide, lanthanide zirconate, and ZrN are intimately and seemingly randomly mixed. Note that the alloys formed tight interfaces with both the lanthanide oxide and lanthanide zirconate phases even in the absence of a wetting agent.
Low magnification backscattered electron images like that shown in Figure 1c were analyzed to estimate the area fractions of lanthanide zirconate and lanthanide oxide in the composite puck based on contrast differences by using ImageJ○ RE A software [15] . The volume fractions of phases in the composite are assumed to be equal to their area fractions measured in the cross sections.
The total volume fraction of ceramic phases in the composite puck is estimated to be about 35%, with ferrite, martensite, C/N precipitates, and FeCrMo intermetallics comprising the remaining 65%. The relative volumes of the constituent alloy phases in the composite puck and metal bead were not determined.
[ Figure 3 ]
Except for trace amounts of ZrN, essentially all of the Zr reacted with the lanthanide oxides to form lanthanides zirconates. The relative amounts of Zr, lanthanides and oxygen in the zirconate phase given as atom % in Table 2 
The formation of zirconates did not appear to be limited by the availability of oxygen, although not all sources of oxygen have been identified, but it was limited by the availability of Zr. More than 7.3 wt % Zr would be required to convert all the lanthanide oxides in the mixture used to make AOC410 to Ln 2 Zr 2 O 7 according to the stoichiometries in reactions 1a -1c. Only about half of the lanthanide oxide mixture was converted to lanthanide zirconates because only 3.1 wt % Zr was available. As discussed above, a low Zr content was used to highlight the roles of lanthanide oxides as reactants and the actual blended waste streams are expected to have sufficient amounts of Zr to convert all the lanthanide oxides to zirconates.
The X-ray powder diffraction patterns of AOC410 and the lanthanide oxide mixture used to make AOC410 are shown in Figure 4 (measured using Cu Kα radiation). Analysis of the lanthanide oxide mixture shows it was composed predominantly of La(OH) 3 correspond to a mixture of La-, Nd-, and Ce-zirconates having the same pyrochlore structure.
The peaks labeled α-α' at 44.6 o and 64.9 o are representative of ferritic and martensitic structures, the presence of which is consistent with the metallographic analyses. The amounts of FeMoCr intermetallics and C/N precipitates in the composite are below the XRD detection limit of about 3 vol %.
[ Figure 4 ]
The phase distributions in the metal bead and composite parts are summarized in Table 3 .
Detailed analyses of the phases and interfaces in the metal and composite parts of the ingot are discussed in the following sections.
[ Table 3 ]
Cr Analysis
As the major cause of sensitization corrosion, Cr depletion can have a significant impact on localized corrosion processes including pitting, crevice corrosion, and galvanic corrosion.
Therefore, the Cr distribution near phase interfaces was examined in detail. The Cr concentration profiles were measured with EDS line profile and point analyses at several locations in the metal bead and composite puck. Thin regions of Cr-depleted ferrite were observed to surround the numerous Cr-rich C/N precipitates present inside the ferritic grains and along phase boundaries in both parts of the ingot, as discussed in the following sections.
Cr analyses in Metal Bead
A large C/N precipitate inside a ferritic grain in the metal bead is shown in Figure 5a and the result of the line scan analysis conducted along the dashed arrow drawn in the image is included in Figure 5a precipitates were typically <2 µm (as in Figure 6a ), but exceeded 3 µm when several C/N precipitates were grouped along a grain or phase boundaries (as in Figure 5b ).
[ Figure 5] 
Cr analyses in Composite Puck
The same methods were used to characterize the alloy compositions in the composite puck. The line scan represented by the dashed blue arrow shown in Figure 6a passes across a martensite/ferrite grain boundary, three C/N precipitates, a lanthanide zirconate domain, and ends in a ferrite grain. As observed in the metal bead, the martensitic region has a higher Cr content (~11.8 wt %) than the ferrite region (~ 9.9 wt %) and Cr depletion occurs in the ferrite surrounding C/N precipitates. The region between the two closely spaced precipitates is depleted in Cr to a greater extent than regions adjacent to the single carbide. In Figure 6a , the Cr contents in the ferrite between the C/N precipitates located at distances of 3 µm and 6.5 µm along the scan path are slightly higher than in the ferrite between the two C/N precipitates located at 6.5 µm and 8 µm (~9.8 wt % compared to ~9.3 wt %), but lower than in the ferrite next to the grain boundary at about 2 µm (which is ~10.7 wt %). Also, the extent of Cr depletion is greater in ferrite adjacent to larger precipitates (e.g., the precipitate near 6.5 [ Figure 6] 
Electrochemical measurements
The corrosion behaviors of the phases and interfaces in the metal and composite parts were measured in electrochemical tests conducted using the electrodes made from specimens cut Figure 8a shows that ferrite regions corroded as the electrode was polarized up to 1.6 V, but martensitic regions did not corrode. Figure 8b shows the same area that was analyzed by the line profile given in Figure 5b (the image has been rotated for clarity).
Comparing the line profile from Figure 5b with the corroded region in Figure 8b indicates that corrosion of ferrite surrounding the C/N precipitates continued until the martensite grain was encountered, but the martensite did not corrode. We attribute the greater corrosion resistance of martensite to the higher Cr content. Corrosion into the ferrite continued to a distance of about 2.3 µm away from the array of C/N precipitates during the PD scan. Comparison with Figure 5a indicates this is close to the width of the Cr-depleted ferrite region.
[ Figure 8] 
Composite Puck Electrode
Metal matrix within the composite puck
The surface morphology of the corroded composite electrode is shown in Figure 9 . [ Figure 9] 
Ceramic Phases
As presented in Section 3.1.2, about one-half of the lanthanide oxide mixture added to AOC410 was converted to lanthanide zirconates (Ln 2 Zr 2 O 7 ) when the ingot was made.
Comparison of the polished and corroded surfaces shown in Figure 10 indicates the lanthanide oxide dissolved during the PD scan but the lanthanide zirconate domains did not dissolve; this was also seen in Figure 9b . To confirm that dissolution of the lanthanide oxides is a chemical rather than an electrochemical process, a polished composite puck electrode was immersed in the same acid brine solution used in the electrochemical tests at open circuit for 6 hours. Figure 10a shows the surface before and after immersion and indicates only the lanthanide oxide phases dissolved; the lanthanide zirconate and ferrite regions adjacent to C/N precipitates or intermetallics did not dissolve. This indicates dissolution of the lanthanide oxides is a chemical process and is consistent with the rapid dissolution of lanthanide oxides observed in dilute mineral acids [16, 17] . This shows the importance of converting lanthanide oxide wastes to more durable lanthanide zirconates in a composite waste form. Figure 10b shows the polished and corroded surfaces before and after a PD scan. The interfaces between alloy and Ln 2 Zr 2 O 7 domains shown in Figure 10b were not corroded during the PD scan despite the complete dissolution of neighboring regions of lanthanide oxide. Areas of Cr-depleted ferrite surrounding the C/N inclusions that had precipitated at interfaces with the Ln 2 Zr 2 O 7 were corroded, but there is no sign of metal corrosion at interfaces between alloy and lanthanide zirconate phases.
[ Figure 10 shown at two magnifications in Figure 11 . As indicated in Section 3.1.2, FeCrMo intermetallics were observed on the composite side of the interface but not in the metal bead. These appear as worm-like features along ferrite/martensite and ferrite/ceramic grain boundaries. An abundance of C/N precipitates can also be seen as black dots along the grain boundaries of the metal bead in the higher magnification image in the right side of Figure 11 (located by arrows).
[ Figure 11 ]
The results of PD scans of the three electrodes are shown plotted together in Figure 12a .
The shapes of the PD curves and the current densities that were attained are very similar for the three electrodes, but the corrosion potential is lower (Ecorr = -0.3 V compared to -0.2 V) and the transpassive potential is higher for the composite electrode than the corresponding values for either the metal or interface electrodes. The polarization behavior of the interface electrode is almost identical to that of the metal electrode, with only a small difference between about 0.4 V and 0.5 V (located by the arrow in Figure 12a ). Because corrosion currents from the same phases contribute to the measured PD responses of all three electrodes to different extents, the observed differences reflect the relative areas of each phase exposed at the surface of each electrode. By assuming the contribution of each phase to the total current density for both metal and composite parts is linearly proportional to the relative area of that phase exposed at the electrode surface, a simulated PD curve for the interface electrode was composed using the weighted average of the corrosion currents measured for the metal and composite electrodes. Currents shown by the pink curve in Figure 12b were generated by using the following equation at each voltage:
where i is the calculated current density for the interface electrode, i and i are the measured current densities obtained from the PD curves of the metal electrode and the composite electrode, respectively, and and are the relative areas of the metal and composite parts measured for the interface electrode. The measured PD curve (red curve in Figure 12a ) and the calculated PD curve (pink curve in Figure 12b ) for the interface electrode are in good agreement except the calculated corrosion current is slightly higher than measured between about 0.48 V and 0.55 V. This is attributed to small changes in the relative areas of the constituent phases when the electrode surface was repolished between the area analysis and the PD scan.
[ Figure 12 ]
Although the similarity of the simulated and experimental PD curves for the interface electrode supports using the relative areas to model corrosion behavior, the relative contributions of the phases comprising each part remained to be determined. That was done by holding the electrodes at a constant potential to corrode the active phase(s) to an extent that could be observed by using an SEM. The interface electrode was subjected to a PS test in the acid brine solution for 24 hours at + 0.42 V, which is slightly higher than the passive region indicated by the PD curve for the interface electrode in Figure 12a . The corrosion current increased during the PS test indicating active corrosion. The electrode surface was after the test examined by using SEM to determine which phases were corroded. As shown in Figure 13 , macroscopic voids and plentiful pits were generated in the ferrite surrounding C/N precipitates on the metal bead side of 
Discussion
The primary objective of this study was to characterize interactions that occur between metallic and oxide waste constituents during production and corrosion to assess the performance of a composite waste form. The reactions between a mixture of lanthanide oxides and Zr to generate lanthanide zirconates during production of AOC410 was an unexpected but highly significant result. It appears that all the available Zr reacted with the mixture of lanthanide oxides to generate mixed lanthanide zirconates, and that some of the oxygen required for the reaction was provided by La(OH) 3 , LaOOH, and CeO 2 in the oxide mixture. Another unidentified oxygen source was probably also available. The use of pyrochlore (A 2 B 2 O 7 )-based ceramics as durable waste forms for actinide-bearing nuclear waste was proposed many years ago and representative materials have been synthesized by reacting lanthanide oxides with ZrO 2 at a high temperature (1400-1600 °C) for between 10 and 50 hours [18] [19] [20] . Lanthanide zirconates would provide an inert host phase that is resistant to radiation damage and chemically stable [21, 22] . Since they can also accommodate actinide oxides [18, [23] [24] [25] [26] , the zirconates formed in AOC materials may also be useful for immobilizing minor actinide-bearing waste streams. The present work shows these phases can be generated during the production of a composite waste form at about 1600 °C within processing times of a few hours if an oxygen source is present. Whereas the AOC410 material was formulated with a large excess of lanthanide oxides relative to Zr compared with anticipated waste stream compositions to facilitate tracking the oxide behavior, actual waste streams are expected to provide sufficient Zr to convert all lanthanide oxides to zirconates.
Adding another oxygen source such as MoO 2 or Cr 2 O 3 during waste form processing would ensure all lanthanide oxides are converted to zirconates and increase the concentrations of passivating elements in the alloy phases. Furthermore, separations operations can likely be designed such that the chemical state of the oxide waste streams will facilitate the production of durable waste forms.
The oxide and zirconate domains sintered into a structural ceramic network during processing that limited the volume of alloy contained in the composite part of the ingot. As discussed above, essentially all of the added Zr reacted with lanthanide oxides to form lanthanide zirconates when the AOC410 was processed. The presence of both phases (and small amounts of ZrN) in the ceramic network suggests the reactions with Zr occurred before the ceramic network structure was generated. The initial formation of the ceramic network consumed all of the available Zr such that Zr-bearing alloy phases did not form in either the composite puck or metal bead. Composites made with excess Zr will likely form Fe-Zr intermetallics in addition to zirconates.
The structure of the ingot indicates these ceramic phases established a rigid porous network that expelled the excess molten metal that produced the alloy bead formed on top of the composite puck. The ceramic did not fully densify into a single domain because it was sintered rather than melted. The absence of ceramic phases in the metal bead confirms the separation of molten metal occurred as the ceramic structure was forming.
The oxide phases appear to have provided nucleation sites for the FeCrMo intermetallics.
The observation of these intermetallics in the composite puck but not in the metal bead suggests The reaction between Zr and lanthanide oxides and the formation of the ceramic structure probably occurred during the 3-h processing hold at 1600 °C. Tight interfaces were formed between the alloy and oxide domains in the composite and alloy filled all voids in the ceramic structure. AOC410 was made with about 10 mass % lanthanide oxides and 3 mass % Zr-almost all of which was oxidized-so about 14 mass % of the ingot is ceramic and the balance is alloy.
[A small amount of the added Zr reacted with nitrogen in the furnace atmosphere to create a ZrN film that enveloped a small fraction of the Zr and prevented reaction with lanthanide oxide; ZrN has not been detected in composites made subsequently in an argon atmosphere glove box.] If the density of the ceramic is assumed to be 90% that of the alloy and the composite represents 45 vol % of the ingot volume, the composite is calculated to be comprised of 35 vol % ceramic and 65 vol % alloy. This is consistent with the area fractions measured for the region shown in Figure   1c . The amount of alloy in the metal bead provides enough metal to form composite material with an additional 16 mass% of ceramic phases, which means composite waste forms can be made with oxide waste streams loadings up to about 30 mass%. While this exceeds the relative amount of lanthanide oxides expected in electrometallurgical processing wastes, it will be important for applying composite waste forms to immobilize other oxide waste streams as part of waste management strategies.
Summary and Conclusions
The microstructure and corrosion behavior of an alloy/oxide composite material AOC410
that was made to represent waste forms that immobilize combined metallic and oxide waste streams were evaluated to provide insights regarding the production and performance of composite waste forms. The composite was made using a mixture of 410 stainless steel and We have observed the preferential precipitation of intermetallics in the composite regions of other materials and are investigating how the cooling rates affect the growth kinetics of C/N precipitates and intermetallics.
The formation of an oxide-free alloy bead that separated from the alloy/ceramic composite during material production allowed the electrochemical corrosion behaviors of the metal bead and composite parts of the ingot to be studied independently. The most readily corroded material in both parts was the typically 1-3 µm thick region of Cr-depleted steel surrounding each C/N precipitate. The thickness of Cr-depleted regions and the extent of depletion appeared to depend on the size and local abundance of precipitated phases. The ferritic regions surrounding FeCrMo intermetallic phases that formed in the composite puck were not depleted in Cr, but were preferentially corroded nonetheless due to galvanic coupling with the intermetallics.
The Cr and C contents of 410 and HT9 steels are about the same, so the effects of C/N precipitates on the corrosion of AOC410 are directly relevant to all HT9-based waste forms.
Adding Cr as a trim metal to waste forms made with HT9-type cladding is expected to mitigate sensitization of the steel surrounding the C/N precipitates. Providing sufficient Cr to maintain levels above 12 wt % in the ferrite at phase boundaries will benefit the overall corrosion resistance of composite and alloy-only waste forms made with HT9 cladding. Adding elements that are better carbide formers than Cr, such as V and Nb, will also decrease Cr depletion in the matrix.
The lanthanide oxides used to make AOC410 mimic the lanthanide oxide wastes that will accumulate during the electrorefining process and be stored prior to waste form production. A benefit of immobilizing lanthanide oxide wastes in an alloyed waste form is that they will react with Zr from the fuel waste to form highly durable lanthanide zirconates if sufficient oxygen is available. Zirconium plays an important role in metallic waste forms, as actinides are known to be incorporated in Fe-Zr intermetallics in alloy-only waste forms [8, 10] . Since CeO 2 is often used as a surrogate for PuO 2 , the incorporation of Ce in zirconates formed in AOC410 suggests the ceramic phases may serve as additional hosts for actinide wastes. Waste forms providing both zirconates and Fe-Zr intermetallics to host lanthanides and actinides would provide a valuable option for waste treatment and management strategies. Values given in wt %; values in parentheses are at %. Figure 1. Cross section of the as-cast sample showing (a) the metal bead and composite puck and locations from which electrodes were cut (red squares), SEM BSE images of (b) the metal bead part and (c) the composite puck, and (d) the ceramic network revealed after electrochemical dissolution of the metal phases in the composite puck. The arrow locates a subtle difference between the responses of the metal and interface electrodes.
List of Figures
